Measuring the charge and structural properties of individual protein molecules as well as the distribution of these properties in their native environment is currently a great challenge. Ionic current blockages measured in voltage biased nanofabricated pores have been used to sense nanoparticles and molecules of protein and DNA, [1] [2] [3] [4] [5] [6] [7] inspired by the pioneer work on measuring single polymers in protein channels. 8, 9 There has been remarkable progress in the study of polymer translocation in protein pores and a recent study shows that polymer size can be resolved at high resolution. 10 However, the ionic current signature and the dynamics of a charged protein molecule moving in a solid-state nanopore need to be studied. In this letter, we report our observations of well-defined current blockage signals due to single protein molecules traversing silicon nitride nanopores. We measured the changes of bovine serum albumin ͑BSA͒ as a function of pH, and studied how the protein size and structure affect the blockage signal by comparing a larger fibrinogen protein with BSA. These studies are important milestones in the development of solid-state nanopore devices for fast protein characterization.
The main component of a nanopore sensing system ͓Fig. 1͑a͔͒ is a nanopore in a silicon nitride membrane that separates two chambers connected electrically by ionic solution inside the nanopore. When a voltage is applied across the membrane, a stable open pore current I 0 is observed. After the addition of negatively ͑or positively͒ charged protein molecules to the cis chamber, the molecules in the vicinity of the nanopore will be captured by the electric field, and forced to traverse the nanopore to the positively ͑or negatively͒ biased trans chamber. The interaction of protein molecules with the nanopore, either by reversible partitioning into or by translocation through, will result in transient current blockages, as shown in Fig. 1͑b͒ . Three parameters are calculated from a current blockage: the mean blockage current ⌬I b , the translocation duration t d , and the integrated area of a blockage A ecd . 6 A ecd is the integral of ⌬I b ͑t͒ with respect to time in units of kiloelectron charge. The current blockages were recorded using an Axopatch 200B system ͑Molecular Devices͒ in voltage clamp mode at V = 120 mV with its low pass filter set at 100 kHz for all measurements in this work. For each set of data, about 10 000 blockage events were recorded. The nanopores used in this work were about 10 nm in thickness and slightly larger in diameter than the protein molecules being studied. The details of silicon nitride nanopore fabrication and the single molecule detection apparatus were described in our previous work. 4, 6 The concentration of protein molecules placed in the cis chamber was approximately 10 nM.
BSA ͑66 430 Da, Sigma͒ has an isoelectric point ͑PI͒ ranging from pH 5.1 to 5.5; 11 thus the protein has an overall negative charge ͑−18e͒ at pH 7. Applying 120 mV voltage to an ϳ16 nm diameter pore in a solution of 0.4M KCl at pH 7.0, I 0 ϳ 7.4 nA was measured. After addition of BSA to the negatively biased cis chamber, downward blockage events occurred ͓Fig. 1͑b͔͒ indicating that the BSA molecules were negatively charged. When the cis chamber was positively biased, no blockages were observed at the beginning of the experiment. As the magnitude of the bias potential was decreased, smaller ⌬I b and longer t d were observed. The cumulative results are presented in an event distribution plot ͓Fig. 1͑d͔͒. Every dot in Fig. 1͑d͒ represents one blockage event and every blockage is characterized by its ⌬I b and t d . Figure 1͑d͒ shows that there are two clusters of BSA blockage events: cluster 1 has most probable values of ⌬I b ϳ 50 pA and t d ϳ 110 s, while cluster 2 has smaller ⌬I b ϳ 20 pA and shorter t d ϳ 50 s. We attribute cluster 2 to the events that protein molecules partially entered the pore but failed to pass through it. Cluster 2 events will not be considered further in this study except to note that they can be easily distinguished from cluster 1 events, which were identified as free translocation of protein molecules through nanopores.
When the pH of the chamber solution was lowered to acidic conditions ͑pH Ͻ 5͒, current blockages disappeared if the trans chamber remained positively biased. However, when the trans chamber was switched to negatively biased, current blockages appeared again, as shown in Fig. 1͑c͒ , indicating that the net charge of BSA protein had changed to positive at pH Ͻ 5. This measurement is consistent with the fact that BSA is positively charged when the pH is lower than its PI ͑pH Ͻ 5͒. 12 We studied the translocation of BSA 
Here M is the molecular weight, Q is the effective charge of a protein molecule, f͑d m , D p , l m , H eff ͒ is a correction factor that depends on the relative values associated with the dimensions of the molecule and the nanopore, and is the conductivity of the solution. Assuming the shape of BSA molecules is globular, as shown in Fig. 1͑a͒ To confirm the current blockages observed were due to BSA molecules translocating from the cis to the trans chamber via a nanopore, the trans chamber solution was collected after a BSA translocation experiment and subsequently used for an improved chemiluminescent BSA enzyme linked immunosorbent assay ͑supplemental materials͒. An 18 nm diameter pore with 200 mV bias voltage and an increased concentration of BSA protein ͑100 M͒ in the cis chamber were used to increase the rate of blockage events. The translocation experiment lasted ϳ50 h and the estimated number of blockages was ϳ2 ϫ 10 7 . The event trigger level was set so that cluster 2 events were not counted. An immunoenzymetric assay kit ͑Cygnus Technologies, Catalog No. F030͒ and a chemiluminescent substrate ͑Lumigen PS-atto, Lumigen͒ were used to quantify the amount of BSA in the trans sample. The luminescence signal generated from the reaction of the substrate with the horse radish peroxidase ͑HRP͒ on the anti-BSA/HRP-labeled antibody was measured. The chemiluminescent intensity analysis ͑Fig. 3͒ indicated that approximately 1.8± 0.3 pg of BSA was in the trans chamber. This amount of BSA corresponds to ϳ10 7 molecules, in good agreement with the number of blockages estimated. This assay demonstrated that BSA molecules were detected in the trans chamber; hence the current blockages observed were the result of protein traversing the nanopore.
To characterize how the size ͑M͒ and the structure of protein molecules change current blockages, fibrinogen, a protein with charge ͑−16e͒ similar to BSA but larger in size ͑340 000 Da, Sigma͒ was studied. A schematic model of the fibrinogen structure 16 describes it as an elongated molecule ϳ47.5 nm long, featuring three nodule regions, as illustrated in Fig. 4͑a͒ . In this study, an ϳ18 nm diameter nanopore was used. First, BSA molecules were measured in this pore, subsequently the cis chamber was washed, and the fibrinogen was added and measured. Several typical current blockages are shown in Fig. 4͑a͒ and the event distribution plot for fibrinogen is shown in Fig. 4͑b͒ . Most blockages do not reveal the nodular structure of fibrinogen except for a few of long t d ϳ 1 ms events ͓inset of Fig. 4͑b͔͒ In summary, by measuring the change in current caused by protein molecules traversing a nanopore, this work demonstrated that the relative charge and size of protein molecules could be estimated based on the values of ⌬I b , t d , and A ecd . This nanopore technique can measure properties of individual protein molecules sequentially and would allow one to determine the distribution of these properties in real time and under natural conditions. The results presented here suggest that by using a marker protein with a known charge, conformation, and size, a solid-state nanopore can be used to characterize unknown proteins. Furthermore, if the spatial and temporal resolutions of the nanopore sensing system can be improved, structural features of protein molecules could be measured in more detail. 
